Abstract. ClC-3 is a type of chloride channel that has multiple functions in tumorigenesis and tumor growth, and can be blocked by DIDS (4,4'-diisothiocyanostilbene-2,2'-disulfonic acid). In the present study, we found that DIDS inhibited the proliferation of Hep3B hepatocellular carcinoma (HCC) cells in a concentration-dependent manner. More in-depth research demonstrated that DIDS downregulated the protein expression levels of cyclin D1 and cyclin E, which are key proteins of the G1 phase. Additionally, we found that ClC-3 siRNA transfection induced G1 arrest in the Hep3B cells, confirming that ClC-3 is involved in the DIDS-induced inhibition of Hep3B cells. Moreover, the level of α-fetoprotein (AFP), a negative prognostic indicator of HCC, was decreased after treatment with DIDS and ClC-3 siRNA. In conclusion, we demonstrated that ClC-3 can arrest the cell cycle at the G1 phase to inhibit cell proliferation, suggesting that ClC-3 has the potential to be a novel target for HCC therapy and potentially improve the prognosis of HCC patients.
Introduction
Hepatocellular carcinoma (HCC) is a commonly diagnosed cancer, and its mortality rate was ranked second among all cancers worldwide in 2012 (1) . However, therapy for HCC remains unsatisfactory. Patients commonly experience relapse after surgery. Consequently, there is an urgent need to identify new targets for HCC therapy.
Cyclin D1 and cyclin E proteins are key factors that are involved in the transition from G1 phase to S phase of the cell cycle. The aberrant expression of these proteins in G1 phase is a marker of malignancy (2, 3) . It has been reported that, in breast cancer cells, the upregulation of cyclin D1 shortens G1 phase and promotes cell proliferation (4) . In head and neck squamous cell carcinoma cells, protein kinase C α and microRNAs can upregulate the expression of cyclin E, resulting in oncogenic dysregulation (5) . Metformin may induce G1 arrest by inhibiting E2F8 expression in lung cancer cells, which can lead to improvement in the overall survival of lung cancer patients (6) . DIDS (4,4'-diisothiocyanostilbene-2,2'-disulfonic acid) is a chloride channel blocker that has low specificity. It has been shown that DIDS can disrupt the glycolytic phenotype and decrease cell viability, and also enhance cell death and inhibit proliferation in colorectal cancer cells (7) . In the human ovarian cancer cell line A2780, DIDS has been shown to inhibit cell adhesion and migration by regulatory volume decrease (RVD) and [Ca 2+ ] i changes (8) . Furthermore, DIDS has demonstrated the ability to sensitize cells to chemotherapy and induce apoptotic cell death in resistant human glioblastoma multiforme cancer stem cells by cell swelling-induced cell cycle arrest after chemotherapy (9) .
Chloride channels, one of the most important negative ion channels, regulate the cell cycle and volume (10) (11) (12) , and the relationship between the volume-regulated regulated channels and cancer is an area of active research at present. ClC-3, one of the families of volume-regulated channels, is involved in cell proliferation, apoptosis and migration (13) . In human prostate cancer epithelial cells, the inhibition of ClC-3 by an anti-ClC-3-specific antibody was found to decrease cell swelling which was activated by chloride currents (14) . Some studies have shown that ClC-3 promoted the resistance of cancer cells to chemotherapeutic drugs, such as cisplatin and etoposide (15) (16) (17) . In osteosarcoma cells, ClC-3 induced G1 arrest by medicating cyclin D1 and cyclin E to modulate the proliferation and migration (18) .
α-Fetoprotein (AFP), the most commonly used tumor marker for the diagnosis of HCC, is included in international (19) (20) (21) . A high expression level of AFP is considered to be an indicator that a patient has HCC, and data show that AFP is elevated above the normal range in 70% of patients with HCC (22) . AFP may be used for prediction and prognosis in HCC (23); when AFP levels decrease, this is considered to be a favorable prognostic indicator in HCC.
In the present study, we report a relationship between chloride channels and the cell cycle in HCC cells, as well as an association between chloride channels and AFP; to the best of our knowledge, this is the first report of such findings. In addition, the results suggested that ClC-3 had an impact on the induction of G1 arrest and the levels of the prognostic indicator AFP. These results suggest that ClC-3 may be a novel potential candidate for the molecular-targeted treatment of HCC. Targeting ClC-3 may effectively kill cancer cells and potentially improve patient prognosis.
Materials and methods
Cell line. We acquired the human hepatocellular carcinoma Hep3B cell line and human L-02 hepatocytes from the American Type Culture Collection (ATCC; Manassas, VA, USA). We cultured cells in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS in a humidified incubator containing 5% CO 2 at 37̊C. The medium was replaced and the cells were passaged twice per week to maintain logarithmic growth.
Reagent. DIDS was reconstituted in dimethyl sulfoxide (DMSO) (both from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).
DIDS treatment of Hep3B cells in vitro.
In order to detect the function of DIDS by western blot analysis and flow cytometric analysis, 5x10 4 Hep3B cells were seeded into each well of 6-well plates overnight. The cells were then treated with 0, 50, 100 or 200 µM DIDS in DMEM with 2.5% FBS for 24 h.
Western blot analysis. Hep3B cells were lysed in RIPA buffer with 1% Nonidet P-40 (20 mM Tris, 150 mM NaCl, 0.1 mM EDTA). The amount of total proteins was quantified using the bicinchoninic acid (BCA) method. The proteins were separated according to molecular weight by SDS-PAGE and then a semidry transfer instrument (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to transfer the proteins onto PVDF membranes. The membranes were blocked in 5% skim milk, prior to incubation with primary and secondary antibodies (1:5,000; Sigma-Aldrich; Merck KGaA). Finally, the PVDF membranes were viewed with Molecular Analyst software (Bio-Rad Laboratories). The primary antibodies we used were as follows: anti-ClC-3 Cell transfection. Following the manufacturer's protocol, a Silencer Small Interfering RNA (siRNA) Construction kit (Guangzhou RiboBio, Co., Ltd., Guangzhou, China) was used to synthesize dsRNA-ClC-3. Hep3B cells (4x10 4 ) were seeded into each well of a 6-well plate overnight. Then in all of the wells, medium was replaced with DMEM containing 1% FBS and serum-free Opti-MEM I Medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) (without antibiotics or fungicides), and the different treatments, including NC, RNA iMAX, siRNA-ClC-3-001, siRNA-ClC-3-002 and siRNA-ClC-3-003, were applied for 48 h. There was no RNA sequence or no lipidosome used in the control group. There was Random sequence genome with lipidosome in the NC group. There was only lipidosome in RNA iMAX. There were ClC-3 siRNA sequences with lipidosome in the siRNA-ClC-3-002 or siRNA-ClC-3-003 group. Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) was used to transfect the siRNA (10 nM) into the Hep3B cells. After 2 days, western blot analysis was conducted as described above. The sequences of ClC-3 siRNA were: 5'-GAAGAGGUAU UGAAUGCUAdTdT-3'.
Quantitative real-time polymerase chain reaction (qPCR).
Total RNA was extracted from the Hep3B cells with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and reverse-transcribed into cDNA using oligo(dT) primers (Stratagene; Agilent Technologies, Inc., Santa Clara, CA, USA) and RevertAid Reverse Transcriptase (Thermo Fisher Scientific, Inc.). qPCR was performed with using an iCycler RT-PCR system (Bio-Rad Laboratories, Munich, Germany) and SuperReal PreMix SYBR Green (FP204-02; Tiangen Biotech, Co., Ltd., Beijing, China). We analyzed the data using the Pfaffli method. The primers for ClC-1 to ClC-7 were as follows: ClC-1 forward, 5'-CAG CAT CTG TGC TGC C-3' and reverse, 5'-GTG CTT AGC AAG AAA CTG GC-3'; ClC-2 forward, 5'-AGA CAA TCC CTA CAC CCT TCA A-3' and reverse, 5'-TGT CGG TAG AAC ACC TTG TCA C-3'; ClC-3 forward, 5'-CAA UGG AUU UCC UGU CAU ATT-3' and reverse, 5'-UAU GAC AGG AAA UCC AUU GTA-3'; ClC-4 forward, 5'-GCG TCT CAT CGG GTT TGC-3' and reverse, 5'-TTG CTC ACA ATG CCC TCT TTG-3'; ClC-5 forward, 5'-CTG TGC CAC TGC TTC AAC-3' and reverse, 5'-CTG AGG GCA AAT CCC ACT AA-3'; ClC-6 forward, 5'-GTC GCG CAA GAC TGT AAC CA-3' and reverse, 5'-CGG CGA AAT TCC ATA CCT G-3'; ClC-7 forward, 5'-CCC ACA CAA CGA GAA GCT CC-3' and reverse, 5'-ACT TGT CGA TAT TGC CCT TGA TG-3'. The primer sequences for GAPDH are were 5'-CTC ATG ACC ACA GTC CAT GC-3' (forward) and 5'-CAC ATT GGG GGT AGG AAC AC-3' (reverse).
Flow cytometric analysis of cell cycle distribution. Hep3B cells were treated with DIDS for 24 h or transfected with ClC-3 siRNA for 48 h and then centrifuged at 1,000 x g for 5 min. Using phosphate-buffered saline (PBS), Hep3B cells were washed three times and resuspended in 75% alcohol overnight. The samples were stained by Triton-X 100 (Amresco, LLC, OH, USA), 1 mg/ml propidium iodide (PI; Thermo Fisher Scientific, Inc.), DNase-free RNase (Thermo Fisher Scientific, Inc.) and PBS in dark for 1 or 2 h. After staining the samples, we detected the cell cycle distribution with a flow cytometer (FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA).
Flow cytometric analysis of apoptosis. Hep3B cells were treated with DIDS for 24 h and then centrifuged at 1,000 x g for 5 min. The Hep3B cells were washed three times in PBS and stained with propidium iodide (PI) and Annexin V-FITC. After washing the samples and re-suspending them in binding buffer, flow cytometry (FACSCalibur; BD Biosciences) was used to assess the percentage of apoptotic cells. Fluorescence was detected at an excitation wavelength of 488 nm and an emission wavelength of 530 nm for Annexin V-FITC binding (as fluorescence channel FL1), and 488 nm excitation and red emission for PI (as fluorescence channel FL2).
MTT assay. For the MTT assay, 1x10
4 Hep3B cells or L-02 cells were seeded in each well of a 24-well plate overnight. Hep3B and L-02 cells were then treated with 0, 25, 50, 100, 200 and 400 µM DIDS in DMEM with 2.5% FBS for 24 h. Next, 50 µl MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) solution was added to each well, and the plates were incubated for 3 h at 37̊C. The supernatant was then discarded and 1 ml DMSO was added to each well. The absorbance was read at 570 nm using an automatic enzyme-linked immune detector (Bio-Rad Laboratories).
Statistical analysis.
We analyzed all data by two-way ANOVA or independent-samples t-tests as appropriate. The data are presented as the mean ± SEM. Statistical analyses of all quantitative data were performed with GraphPad software (GraphPad Software, Inc., La Jolla, CA, USA).
Results

Viability of Hep3B cells following treatment with different concentrations of DIDS.
The effects of different concentrations of DIDS on Hep3B and L-02 cells are shown in Fig. 1 . We treated Hep3B and L-02 cells with 0, 25, 50, 100, 200 and 400 µM DIDS for 24 h. With increasing concentrations, the viability of the Hep3B cells was decreased, whereas the viability of the L-02 cells remained almost constant. This indicated that DIDS has a strong effect on HCC Hep3B cells, but had almost no effect on L-02 cells (a normal liver cell line). Based on the results shown in Fig. 1 , we determined the most effective and suitable concentrations for use in the following studies.
DIDS inhibits the proliferation of Hep3B cells by G1 arrest.
In order to elucidate how DIDS affects the viability of Hep3B cells, we treated Hep3B cells with 0, 50, 100 and 200 µM DIDS for 24 h prior to flow cytometry. It was demonstrated that DIDS inhibited the proliferation of cells by arresting cells in the G1 phase, preventing their transition into S phase. With increasing concentrations of DIDS, the degree of inhibition was more obvious. At the same time, the results suggested that the distribution of cells was decreased in other phases of the cell cycle with increasing DIDS concentrations ( Fig. 2A and B) .
When apoptosis was analyzed by flow cytometry, it was demonstrated that DIDS had less influence on the apoptosis of Hep3B cells (Fig. 2C and D) . Therefore, DIDS predominantly affected the proliferation of Hep3B cells by regulating cell cycle progression, but not through apoptosis.
DIDS downregulates the proteins associated with G0/ G1 phase and AFP in Hep3B cells.
To observe the mechanism by which DIDS induces G1 arrest in Hep3B cells, we detected the levels of the proteins responsible for G1 to S phase transition by western blot analysis. The results indicated that, with the ascending concentrations of DIDS, the protein levels of cyclin D1 and cyclin E were gradually diminished in the Hep3B cells (Fig. 3A and B) . Cyclin D1 and cyclin E, the main G1-associated proteins, are involved in driving the transition from G1 to S phase of the cell cycle. Unexpectedly, we noted that DIDS also inhibited the expression of AFP protein ( Fig. 3A and B) . The results indicated that DIDS may downregulate the protein levels of cyclin D1 and cyclin E and inhibit the protein expression of AFP (a biomarker of Hep3B cells), resulting in the inhibition of proliferation of Hep3B cells.
ClC-3 may serve a main role in G1 arrest induced by DIDS.
We detected the relative mRNA expression levels of the chloride channel family, ClC-1 to ClC-7, in Hep3B cells by qPCR. The results revealed that, in contrast to the mRNA levels of ClC-2 and ClC-1, the mRNA levels of ClC-3 were distinctly much higher (Fig. 4A) .
Subsequently we detected the expression levels of ClC-3 by western blotting in Hep3B cells treated with 0, 50, 100 and 200 µM DIDS for 24 h, in order to confirm whether DIDS could block ClC-3 in Hep3B cells. As expected, the protein levels of ClC-3 were inhibited by DIDS treatment, with a higher concentration of DIDS resulting in more marked inhibition ( Fig. 4B and C) . These results suggest that ClC-3, one member of the chloride channel family, may play a key role in G1 arrest and in inhibiting the protein expression of AFP in response to DIDS treatment.
ClC-3 siRNA transfection induces G1 arrest and AFP protein in Hep3B cells.
In order to confirm whether ClC-3 is involved in inducing G1 arrest and inhibiting the protein expression of AFP in Hep3B cells, we used transfection to silence the expression of ClC-3 in Hep3B cells. First, we selected the most effective ClC-3 siRNA from si-ClC-3-001, si-ClC-3-002 and si-ClC-3-003 by detecting the expression levels of ClC-3 protein through western blot analysis after transfection. The silencing effects of si-ClC-3-001 and si-ClC-3-003 were found to be markedly greater (Fig. 5A and B) .
Next, we detected the cell cycle distribution following transfection using flow cytometry. After silencing ClC-3, cell cycle progression was arrested at G1 phase and transition into S phase was suppressed ( Fig. 5C and D) . Finally, we confirmed that the levels of G1 phase-related proteins after the silencing of ClC-3 were the same as those after DIDS treatment. Cyclin D1 and cyclin E protein were both decreased in Hep3B cells treated with si-ClC-3-001 and si-ClC-3-003 ( Fig. 5E and F) . Simultaneously, the expression of AFP protein was also decreased (Fig. 5G and H) . These results are consistent with the results obtained in DIDStreated cells, indicating that DIDS targets ClC-3 to induce G1 arrest and to inhibit the expression of AFP in Hep3B cells, as predicted. 
Discussion
Ion channels are potential novel targets for improving the treatment of cancer. Chloride channels, including ClC-3, are the most important negative ion channels. ClC-3 plays a significant role in regulating the cell cycle, and can result in G1 arrest in nasopharyngeal carcinoma and osteosarcoma cells (18, 24) . However, to the best of our knowledge, there has been no report of similar findings in HCC cells to date. Consequently, we researched ClC-3 protein and the cell cycle in Hep3B cells (a HCC cell line), and found associations among ClC-3, the cell cycle and the level of AFP.
First, we demonstrated that DIDS had a concentrationdependent effect on Hep3B cells, but had hardly any effect on L-02 cells. This supported our hypothesis that DIDS can inhibit the proliferation of HCC cells effectively, and also has little disadvantage to normal liver cells. It was reported that 100 and 250 µM DIDS had no effect on normal liver cells at day 2 following treatment (25) , which was consistent with our results that 25-200 µM DIDS had no effect on L-02 cells at 24 h (Fig. 1 ). This is a huge benefit in cancer therapy, as such a treatment could target HCC while having a limited effect on normal liver cells. Second, in order to determine how DIDS affects the proliferation of Hep3B cells, we used flow cytometry to detect the cell cycle distribution and cell apoptosis rate. It was observed that DIDS inhibited the proliferation of Hep3B cells through G1 arrest but not by promoting apoptosis. These results are consistent with previous research in other tumor cells (18, 24) . Then, we detected the expression of the main proteins associated with G1 phase by western blot analysis, in order to demonstrate the mechanism of cell cycle regulation by DIDS. The data suggested that DIDS induced G1 arrest by downregulating the protein expression levels of cyclin D1 and cyclin E. Meanwhile, we observed that DIDS also reduced the protein level of AFP, which indicates that it may be able to improve the prognosis of HCC in patients.
However, DIDS is a broad-spectrum and non-specific blocker of volume-regulated chloride channels. In order to determine which volume-regulated chloride channels were affected, we performed qPCR to detect the expression levels of the chloride channel protein family in Hep3B cells. The mRNA expression of ClC-3 was found to be the highest, while the second highest was ClC-2 in Hep3B cells. The results of the western blotting suggested that the expression of ClC-3 protein was obviously decreased with increasing concentrations of DIDS. Next, we silenced the expression of ClC-3 specifically to confirm this hypothesis. The results showed that, when the protein expression of ClC-3 was silenced, G1 arrest occurred and the protein levels of cyclin D1 and cyclin E were decreased. Meanwhile, the expression of AFP protein was markedly decreased following ClC-3 siRNA transfection. We believe that the siRNA sequences may have influence on Hep3B cells so that in NC (negative control), AFP expression was increased. Therefore, we compared the results of siRNA-ClC-3 with NC but Control to attenuate the influence of interference sequences in Hep3B cells. These results were consistent with the results obtained after treatment of the cells with DIDS.
As has been proposed in certain previous reports, ClC-3, a volume-activated chloride channel, is an important regulator at the plasma membrane (24) . DIDS may inhibit the protein levels of ClC-3 at the plasma membrane to downregulate the expression of cyclin D1 and cyclin E, causing G1 arrest, potentially resulting in the improvement of prognosis. In this way, DIDS could prevent the growth of HCC cells and effectively kill them, while having a very limited effect on the growth of normal liver cells.
To the best of our knowledge, we are the first to report that chloride channels are associated with the HCC marker AFP. It has been reported that anti-AFP single-chain variable fragments can induce growth inhibition through the induction of G1 arrest and apoptosis in AFP-expressing HCC cell lines (26) . Silencing of AFP was shown to induce G1 arrest in the HCC cell line EGHC-9901 (27) . Therefore, it is possible that ClC-3 could mediate AFP to induce G1 arrest in Hep3B cells. We will continue researching the mechanism of how ClC-3 mediates AFP and how AFP induces G1 arrest in HCC cells in our further studies, through siRNA transfection, co-immunoprecipitation assay and western blot analysis.
Blocking chloride channels can lead to the inhibition of cell proliferation and the arrest of cell cycle progression in human laryngeal cancer cells (28) . It was reported that ClC-3, the inhibition of which was shown to decrease the aggressiveness of neuroglioma cells by inhibiting the NF-κB pathway, may be a novel therapeutic target and prognostic biomarker in neuroglioma (29) . ClC-3 is a potential target for cancer therapy, and we found that it was highly expressed in Hep3B cells. This result supported our hypothesis that ClC-3 may be an extremely valuable biotherapeutic target in HCC. Our research mainly focused on ClC-3 protein, and we did not perform an in-depth study on the change of the Cl -current. Other mechanisms may also be responsible for our findings. We will conduct research on the Cl -current in our subsequent study. For further studies, we will continue our experiments using more HCC cell lines, such as HepG2 and Huh-7 cells, and we will demonstrate our findings in vivo.
